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Chlamydomonas reinhardtii, a unicellular eukaryotic green alga, serves as a
model organism to study the circadian clock in plants and animals. Rhodopsins are
blue/green-light photoreceptors also found in C. reinhardtii. Chlamyrhodopsin (COP),
the most abundant eyespot protein, was reported to have no role in the phototactic and
photophobic responses in C. reinhardtii. Its function is yet unknown.
In the present study, we hypothesized that the function of COP is to mediate
entrainment of the circadian clock by light. In order to test this hypothesis, a C.
reinhardtii selection marker conferring resistance to the antibiotic paromomycin was
cloned into a COP RNAi construct obtained from another lab. Firstly, the COP RNAi
construct was restriction digested to linearize it. The linearized plasmid was then blunt
ended with T4 DNA polymerase and dephosphorylated with phosphatase. The linearized
fragment was ligated with the paromomycin resistance marker obtained by restriction
digestion of the plasmid containing it and transformed into E.coli. The recombinant
clones obtained were confirmed by restriction digests. Fusion regions and the orientation
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of the insert in the recombinant plasmid were confirmed by sequencing. An attempt was
made to transform C. reinhardtii with the construct, but this was not successful.
Future studies will be required to optimize the C. reinhardtii transformation
method. Transformants with reduced COP amounts can then be tested for defects in
resetting the clock after light pulses. This will determine whether chlamyrhodopsin is
involved in the circadian input pathway or not. The results of the complete project are
expected to contribute to our understanding of the circadian clock of many other
organisms including humans.
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CHAPTER I
INTRODUCTION
The rhythmic changes in the behavior and/or physiology of most species are
governed by the daily light/dark cycles. These daily rhythms are not simply a response to
the 24-hour changes in the physical environment imposed by the earth turning on its axis
but rather a manifestation of the timekeeping system within the organism (Vitaterna et
al., 2001). The circadian rhythms established by this timekeeping system or circadian
clock occur ubiquitously in living organisms and have a period of approximately 24
hours. There are three main characteristic properties of circadian rhythms (Johnson and
Hastings, 1989; Dunlap, 1990). Firstly, they persist in the absence of a dark-light cycle or
other exogenous time signal and thereby can be distinguished from those rhythms that are
simply a response to 24-hour environmental changes. Secondly, the rhythms are largely
temperature-compensated because they maintain about the same period over a range of
temperatures. Thirdly, they show an ability to be synchronized or entrained by external
time cues, such as the light-dark cycle. The three main components of the circadian clock
are the input pathway relaying environmental information to the circadian clock, the
central oscillator or pacemaker generating the oscillations, and the output pathway
through which the pacemaker regulates various output rhythms (Takahashi, 1993).
Circadian rhythms exist for a broad array of biological processes and organisms such as
nitrogen fixation in cyanobacteria, photosynthesis and photoperiodic flower induction in
many plants, conidiation in fungi, locomotor activity and eclosion in fruit flies, and the
sleep-wake and activity cycles in vertebrates (Liu et al., 1999). A cycle in the expression
of certain clock-associated genes mediates the timekeeping mechanism by forming a
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transcription-translation based regulatory feedback loop with positively and negatively
acting transcriptional regulators (Andrew, 2003). Other important regulators of the clock
mechanism include protein kinases and phosphatases that mediate post-translational
modifications (Merrow et al., 2005). Disruption of circadian rhythms in humans can lead
to sleep disorders, memory and concentration impairment, dysphoria, asthenia, irritability
and many other diseases in humans.
The elucidation of molecular mechanisms governing circadian rhythms in a
unicellular model organism could potentially provide insight into the mechanisms that
influence circadian rhythms in humans. Chlamydomonas reinhardtii, a eukaryotic singlecelled green alga is commonly found in soil and fresh water. It has two flagella
facilitating its mobility, a cell wall made up of hydroxyproline-rich glycoproteins, a cupshaped chloroplast, a pyrenoid as the center of carbon dioxide fixation within the
chloroplast, and an eyespot to sense the direction of light (Harris, 1989). Its simple life
cycle, short regeneration time, limited number of photoreceptors, availability of several
mutants (www.chlamy.org), the entire sequence of its nuclear (120 Mb), mitochondrial
(~15.8 kb), and chloroplast (>200 kb) genomes, cDNA libraries and approximately
200,000 expressed sequence tags (ESTs) makes it an attractive model organism. It is used
for dissecting various physiological and molecular responses to circadian rhythms and
photosynthetic processes (Harris, 2001; Mittag et al., 2005; Breton and Kay, 2006;
Merchant et al., 2007; Wagner et al., 2008). C. reinhardtii shows a circadian rhythm of
phototaxis whose measurement has been automated (Bruce, 1970; Kondo et al., 1991;
Gaskill et al., 2010). C. reinhardtii is amenable for growth in light on simple inorganic
medium or in total darkness using acetate as a carbon source for catabolism. Although C.
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reinhardtii normally multiplies in a vegetative state as haploid (n = 17 chromosomes),
stable diploids have also been reported during sexual reproduction in nitrogen-deprived
medium.
Light and temperature are important environmental cues acting as zeitgebers
(“time givers”) and are implicated in the resetting of the circadian clock. Circadian clocks
of different organisms maintain synchrony with the daily dawn-dusk cycles mediated by
an array of photoreceptors (Lucas et al., 2001). Photoreceptors belonging to the class of
phytochromes and cyptochromes were first identified in the model plant Arabidopsis
thaliana (Devlin, 2002). Phytochromes are red/far-red light-absorbing and reversible
chromoproteins unique to plants and some green algae with similar proteins also reported
in some bacteria (Cashmore, 1998; Briggs and Olney, 2001). In Arabidopsis, four
phytochrome-encoding genes (PHYA- PHYD) were found to be expressed
spatiotemporally and apparently have a cross talk among them in mediating circadian
entrainment by light (Briggs and Olney, 2001). The role of the fifth phytochromeencoding gene, PHYE, is not yet known. Cryptochromes were the first blue / ultravioletA (UV-A) photoreceptors identified in Arabidopsis and Drosophila melanogaster to be
involved in the circadian input pathway (Sancar, 2003). Interestingly, cryptochromes
CRY1 and CRY2 in humans are instead involved in the central oscillator of the circadian
clock. (Lin and Todo, 2005). Phototropins in plants and green algae are another class of
photoreceptors involved in the perception of blue/UV-A light. However, experimental
evidence for their function in circadian entrainment by light is not conclusive.
Rhodopsins are the blue-green type photoreceptors found in vertebrate retina and in
bacteria. A blue absorbing rhodopsin-type photoreceptor is also found in D. melanogaster
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(Salcedo et al., 2004). Melanopsin in mammals, a rhodopsin-type photoreceptor, has
been shown to play a prominent role in resetting the circadian clock (Hattar et al., 2003).
C. reinhardtii has the photoreceptors cryptochromes (blue), phototropins (blue),
and rhodopsins (blue/green) with a notable absence of phytochromes. The photoreceptor
mediating clock entrainment in C. reinhardtii is not yet known. Earlier studies
hypothesized two cryptochromes in C. reinhardtii: a well-characterized plant-like
cryptochrome (Small et al., 1995; Reisdorph and Small, 2004) and a potential animal-like
cryptochrome based on sequence similarities. There is an evolutionary relationship
between cryptochromes and DNA photolyases (Thompson and Sancar, 2002). DNA
photolyases are enzymes involved in the repair of UV-induced DNA damage by
photoreactivation using the energy of near UV/blue light (Nakajima et al, 1998;
Thompson and Sancar, 2002; Merrow et al., 2005). Cryptochromes and DNA
photolyases together form a single protein family. Based on sequence comparisons, plant
and animal cryptochromes are thought to have evolved from DNA photolyases
independently (Devlin, 2002; Merrow et al., 2005), because plant- and animal-like
cryptochromes show close amino acid sequence homology with the Type II photolyases,
and 6-4 DNA photolyases, respectively (Cashmore, 2003). Recently it was found that the
animal-like cryptochrome in C. reinhardtii actually shows greater similarity to 6-4 DNA
photolyases and therefore that this organism only has a single cryptochrome.
The three rhodopsins identified in C. reinhardtii are CSRA (Chlamydomonas
sensory rhodopsin A), CSRB (Chlamydomonas sensory rhodopsin B) and
chlamyrhodopsin (COP). They are localized in the eyespot membrane. RNAi strategy
was employed to demonstrate that CSRA and CSRB act as receptors mediating
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phototaxis, the movement of an organism or cell toward or away from a source of light
(Sineshchekov et al., 2002). Both rhodopsins have approximately 300 residue seventransmembrane helices, a retinal-binding pocket, and an approximately 400-residue
membrane associated portion. CSRA absorbs maximally at 510 nm and operates at high
light intensities. Conversely, CSRB absorbs maximally at 470 nm and operates only at
low light intensities. A cascade of reactions takes place during signal transduction leading
to a change in flagellar motility. The photoexcitation of these receptors leads to the
generation of photoreceptor currents, membrane depolarization and the activation of
voltage-gated Ca2+ channels in the flagella membranes resulting in the motility responses
of the flagella that comprise the phototactic and photophobic responses (Sineshchekov et
al., 2002). COP, a retinal binding protein, occurs as COP1 and COP2 due to alternative
splicing of the transcript in a light-dependent manner (Fuhrmann et al., 2003). Although
COP is present abundantly in the eyespot of C. reinhardtii, it is neither involved in its
phototactic nor photophobic responses (Fuhrmann et al., 2001). At present it is not
known whether any of the three types of rhodopsins have a role in the circadian
entrainment of C. reinhardtii. The function of COP is entirely unknown, but it has been
hypothesized that it may have a role in circadian entrainment.
Reverse genetics is an approach to find the function of a known gene or protein.
In order to determine the function, a targeted knock-out of that particular gene has to
occur and the effect on the development or behaviour of the organism is analysed.
Targeted gene knock-out by homologous recombination is possible but occurs very rarely
in C. reinhardtii (Sodeinde and Kindle, 1993). Of the several methods used in reverse
genetics knock-down approaches in C. reinhardtii, RNA interference via stable

8
expression of antisense or inverted repeat-containing RNA has been the most successful
(Fuhrmann et al., 2001; Schroda et al., 1999). Double-stranded RNA (dsRNA) generated
by the annealing of antisense and sense RNAs or by hairpin formation of an inverted
repeat feeds into the RNA silencing pathway. Firstly, dsRNA is processed into 21-23bp
small interfering RNAs (siRNAs) by the RNAse III enzyme Dicer in an ATP-dependent
reaction. This siRNA is then loaded into the RNA-induced silencing complex (RISC).
Only one of the two strands, the one which is less tightly base paired at its 5’ end and
called the guide strand, actually participates in the gene silencing by binding to the
argonaute proteins. The other strand called the passenger strand is degraded during RISC
activation. Activated RISC with the guide strand base pairs with complementary target
mRNA resulting in the effective cleavage and subsequent degradation of the target
mRNA. Efficient reduction of COP protein by post-transcriptional gene silencing using
RNAi has been demonstrated in C. reinhardtii (Fuhrmann et al., 2001). However, the
RNAi construct for COP kindly provided by Dr. Peter Hegemann, Humboldt University,
Berlin, does not have a selection marker for C. reinhardtii.
Therefore, in the present study an antibiotic selection marker for C. reinhardtii
was cloned into the RNAi construct and validated. Transformation into C. reinhardtii was
attempted but not successful. In the future, when the transformation step has been
accomplished, the transformants will be screened for reduced expression of COP levels
and later used to study the effect of reduced COP protein levels on the circadian
entrainment of C. reinhardtii.

CHAPTER II
MATERIALS AND METHODS

Plasmids
Plasmid pSR25, which harbors an RNA interference construct for
chlamyrhodopsin (COP), was obtained from Dr. Peter Hegemann, Humboldt University,
Berlin. It contains a ~400 bp cop-cDNA fragment extending from exon 1 to exon 5 in
pBluescript linked in reverse orientation to the corresponding genomic fragment under
the control of a ~1.5 kb fragment of the endogenous cop promoter (Fig. 1) (Fuhrmann et
al., 2001). The plasmid does not contain a C. reinhardtii marker. Plasmid pSI103 (Fig.
2) was also obtained from Dr. Peter Hegemann, Humboldt University, Berlin. It contains
the aminoglycoside 3′-phosphotransferase (aphVIII) gene from Streptomyces rimosus,
which has a codon bias similar to the nuclear genome of C. reinhardtii. The aphVIII
coding sequence is fused to the 5′- and 3′-untranslated regions of the C. reinhardtii
rubisco small subunit 2 gene (rbcS2). The hsp70A/rbcS2 fusion promoter along with
rbcS2 intron I is also included in the construct, because they increase the transformation
efficiency. C. reinhardtii transformed with this plasmid is resistant to the antibiotics
paromomycin, kanamycin, and neomycin, to which wild-type cells are sensitive (Sizova
et al., 2001).
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Fig. 1: Chlamyrhodopsin RNAi construct of plasmid pSR25. The plasmid contains a
chlamyorhodopsin RNAi construct consisting of a genomic cop fragment driven by 1.5
kb endogenous cop promoter fused to the corresponding cop cDNA in reverse orientation
(Fuhrmann et al., 2001). The predicted mRNA after splicing in Chlamydomonas
reinhardtii gives rise to a 441 bp double-stranded RNA. (Figure from Fuhrmann et al.,
2001.)
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Fig. 2: Plasmid pSI103. The plasmid contains the aphVIII gene fused to C. reinhardtii
rbcS2 5’ and 3′-untranslated regions as well as the hsp70A/rbcS2 fusion promoter along
with rbcS2 intron I. The aphVIII gene confers resistance to the antibiotic paromomycin
when expressed in C. reinhardtii.
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Plasmid isolation and purification
E. coli strain XL1-Blue containing pSR25 or pSI103 were grown in LB (Luria
broth) medium with 100µg/ml ampicillin on a shaker at 220 rpm overnight at 37°C.
Isolation and purification of pSR25 and pSI103 was carried out using the QIAprep Spin
MiniPrep Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
Determination of DNA concentration and purity
Purity and concentration of DNA in solution was determined through the absorbance
at 260 and 280 nm using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific,
DE, USA).
Sequencing of plasmids pSR25 and pSM1
Labeling reactions were carried out in a Peltier Thermal cycler PTC-100 by
combining 200 ng of plasmid DNA template, Big Dye Terminator ready mix v3.1
(Applied Biosystems, Foster City, CA), sequencing buffer, 3.2 pmol primer and sterile
water to a total volume of 20 µl. Labeling was performed for 25 cycles as follows:
denaturation at 96oC for 30 sec, annealing at 50oC for 15 sec, extension at 60oC for 4 min.
Following amplification, DNA was precipitated using 80 µl of 75% isopropanol and
dried in a speedvac (Centrivap Concentrator Labconco, Kansas City, MI). Each pellet
was dissolved in 20 µl formamide buffer (300 µl Hi-Di Formamide, 60 µl 25 mM EDTA
with 50 mg/ml blue dextran, Applied Biosystems). Labeled samples were separated on a
sequencer (ABI PRISM 3130 Genetic Analyzer). Sequence data were compared to other
sequences using the alignment function in the Geneious bioinformatics software
(Biomatters Ltd, New Zealand) and the BLAST program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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The primers used for sequencing are listed in Table 1. Primers were designed using
the Genescript program on the company’s web site (https://www.genscript.com). Their
uniqueness was confirmed with the BLAST alignment function and their self-dimer and
hairpin formation was evaluated using OligoAnalyzer 3.1 on the web page of the
company Integrated DNA Technologies (http://www.idtdna.com).
Preparation of plasmid pSR25 for cloning
pSR25 was linearized using the restriction enzyme KpnI (New England Biolabs,
Beverly, MA). The reaction mixture consisted of 10 U KpnI per µg of plasmid DNA, 1X
NEBuffer 1 and sterile water. The mixture was incubated for 4 hours at 37°C in a water
bath. To purify and concentrate the DNA, digested plasmid solution was extracted with
an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) to remove protein
contaminants, 1/10 volume 3M NaOAc was added and the aqueous phase was
precipitated with 2 volumes of 100% ice cold ethanol and spun in a microcentrifuge
(Sorvall Legend Micro 17) at 17,000 × g for 10 min at room temperature. The pellet was
rinsed with 70% ethanol to remove salts and small organic molecules, air-dried, and
resuspended in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
Plasmid pSR25 with 3' overhangs produced by the KpnI digest was blunt ended
with T4 DNA Polymerase (Fermentas, Glen Burnie, Maryland). The reaction mixture
consisted of 8 µg digested DNA, 2 mM dNTP mix, 1x reaction buffer and 5 U of T4
DNA polymerase in a total volume of 50 µl. The mixture was incubated at room
temperature for 5 min. The reaction was then stopped by heating at 70°C. In some
preliminary experiments, Mung Bean nuclease (New England Biolabs, Beverly, MA)
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Table 1: Primers used for sequencing pSR25 and pSM1.

Plasmid

Primer

Primer Sequence

Sequenced Name

No. of

Tm

base

(°C)

pairs

pSR25

T3

ATTAACCCTCACTAAAGGGA

20

48

pSR25

T7

TAATACGACTCACTATAGGG

20

48

pSR25,

pBlueII 1

GGAGAAAGGCGGACAGGTAT

20

60.5

pBlueII 2

TTTTTGTGATGCTCGTCAGG

20

60

1 aphVIII-

CTGAGGGACCTGATGGTGTT

20

60

GACAGCACAGTGTGGACGTT

20

60

TCTCAAGTGCTGAAGCGGTA

20

60

GGACAGGGCGGGATCC

16

65

pSM1
pSR25,
pSM1
pSM1

cop
pSM1

2 aphVIIIcop

pSM1

3 aphVIIIcop

pSM1

M3
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instead of T4 DNA Polymerase was used according to the manufacturer’s instructions in
order to remove the 3´ overhang.
Dephosphorylation of the linearized plasmid with calf intestinal phosphatase
(New England Biolabs, Beverly, MA) prevents the recircularization of the plasmid during
the ligation step. The reaction mixture consisted of 8 µg digested pSR25 that was treated
with T4 DNA polymerase, 1x reaction buffer and 4 U of calf intestinal phosphatase in a
total volume of 60 µl. The mixture was incubated for 60 min at 37°C. The DNA was
loaded onto a 0.7% agarose gel (0.7% agarose, 5 ng/ml ethidium bromide, 1X TAE
buffer (40 mM Tris-HCl, 20 mM NaOAc, 2 mM Na2EDTA, pH 8.3)) and electrophoresis
carried out at 100 V for one hour. The banding pattern was compared with a 1kb DNA
ladder (New England Biolabs, Beverly, MA). Gel pictures were taken on an Alpha
Innotech Fluorochem HD2 system. The linearized DNA fragment was gel extracted and
purified using the Qiagen Gel Extraction Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions.
Preparation of plasmid pSI103 for cloning
pSI103 was double-digested with the restriction enzymes PvuII and DraI (New
England Biolabs, Beverly, MA). PvuII and DraI at a concentration of 10 U/µg of DNA
each were added to 2µg pSI103 along with 1x restriction NEbuffer 4 and incubated for 4
hours in a water bath at 37°C. The mixture was separated by electrophoresis on a 0.7%
agarose gel in TAE buffer. The 2.5 kb DNA fragment containing the aphVIII gene was
cut out of the gel and purified using the Qiagen QIAquick Gel Extraction Kit. In some
preliminary experiments, a different combination of restriction enzymes (PvuII plus ScaI
and PvuII plus NaeI) was also used. pSI103 was also double-digested with high fidelity
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PvuII (New England Biolabs, Beverly, MA) in combination with ScaI and DraI to test
whether star activity could be reduced.
Ligation
Prepared pSI103 and pSR25 were combined in a insert: vector molar ratio of 3:1
(62.5 ng:50 ng) and 5:1 (124.8 ng:50 ng) with 5 U T4 DNA ligase (Fermentas, Glen
Burnie, Maryland), 1X T4 DNA Ligase buffer, 2 µl 50% PEG4000 solution and sterile
water to a total volume of 20 µl. The ligation mixture was incubated at 22°C for 1 hr.
After incubation, the ligation mixture was resin purified using Strata Clean resin
(Stratagene, La Jolla, CA) according to the manufacturer’s instruction. In some
preliminary experiments, Quick ligase (New England Biolabs, Beverly, MA) was used in
the ligation reaction.
Transformation of E. coli
Transformation of E. coli by electroporation was accomplished by adding 1 µl of
resin-purified ligation mixture to 40 µl ElectroTen-Blue electroporation competent cells
(Stratagene, La Jolla, CA) in a 1 mm gap electroporation cuvette (Fisher Scientific). The
cuvette was pulsed once at 2250V applied volts, 22.5 kV/cm field strength, 200Ω
resistance and 25 µF capacitance and 960 µl SOC medium (20 g/L tryptone, 5g/L yeast
extract, 0.5 g/L NaCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose) was
immediately added to the cells. The cell suspension was transferred to a sterile 14-ml BD
Falcon polypropylene round-bottom tube and incubated at 37°C for 90 minutes with
shaking at 225-250 rpm. After incubation, 100 µl of transformation mixture was plated
on a LB plate containing 100 µg/ml ampicillin and incubated overnight at 37°C. Colonies
were picked, grown in LB medium with ampicillin (100 µg/ml) at 37°C on a shaker at
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220 rpm overnight and a plasmid miniprep was performed using the QIAprep Spin
MiniPrep Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. The
isolated recombinant plasmid was named pSM1.
Confirmation of recombinant plasmid pSM1
The plasmid DNA from the clones was digested with ScaI (10U/ µg DNA,
NEBuffer 3 in a final volume of 20 µl) DraI (10U/ µg DNA, NEBuffer 4 in a final
volume of 20 µl) and NaeI (10U/ µg DNA, 1X NEBuffer 4 in a final volume of 20 µl)
(NEB, Beverly, MA). After incubation for 4 hours in a water bath at 37°C, each mixture
was separated by electrophoresis on a 0.7% agarose gel in TAE buffer and gel images
were taken. The correct fusion of the fragments was also confirmed by sequencing (see
above).
Preparation of pSM1 for transformation into C. reinhardtii
Plasmid pSM1 was digested with EcoR1 (Promega, Madison, WI) in order to
linearize it. The reaction mixture consisted of EcoR1 (10U/ µg DNA), 1X restriction
buffer H and 10 µg/µl acetylated BSA in a total volume of 20 µl. The mixture was
incubated for 4 hours at 37°C in a water bath. To purify and concentrate the DNA,
digested plasmid solution was phenol extracted, ethanol precipitated, and resuspended in
TE as described above.
Chlamydomonas strains and growth conditions
Chlamydomonas reinhardtii strains CC124 and CW15 were obtained from the
Chlamydomonas Center. Liquid stock cultures were obtained by inoculating 50 mL of
liquid TAP medium (Gorman and Levine, 1965) in 125 mL Erlenmeyer flasks from
slants and growing them mixotrophically on an orbital shaker (Innova 2100 Platform
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shaker; New Brunswick Scientific, NJ). Stock cultures were maintained at a room
temperature of 18°C with continuous shaking at 157 rpm under alternate 12hr light and
12hr dark cycles.
Determination of cell density
Chlamydomonas reinhardtii cell density was determined by adding a drop of
iodine (0.25 g iodine in 100 ml 95% ethanol) to 1 ml of culture to immobilize the cells
(Harris, 1989) and counting the number of cells with a hemocytometer.
Determination of optimal paromomycin concentration
Paromomycin, also called monomycin or aminosidine, is an aminoglycoside
antibiotic isolated from the fungus Streptomyces krestomuceticus, which inhibits the
initiation and elongation step during protein synthesis. A paromomycin stock of 100
mg/ml (paromomycin sulphate, Sigma-Aldrich, St. Louis, MO) was prepared by
dissolving 1 g of paromomycin sulphate salt in 10 ml water and sterilized by filteration.
To optimize the concentration of paromomycin at which wild type C. reinhardtii strains
are sensitive, TAP agar plates with three different concentrations of paromomycin (5
ng/µl, 10 ng/µl and 20 ng/µl) were made and inoculated with 5000 cells of CC124 or
CW15. Plates were incubated in 12 hr light/12 hr dark cycles at 18°C and colonies
counted after 10 days.
Transformation of Chlamydomonas reinhardtii with glass beads
Nuclear transformation of C. reinhardtii strain CC124 with pSM1 was performed
according to the glass bead method, which was developed by Kindle (Kindle et al., 1989;
Kindle, 1990, 1998). Strain CW15 was used as a control for efficiency of the cell walldegrading enzyme autolysin, because the strain has a defective cell wall and can be
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transformed without autolysin treatment. CC124 and CW15 cells were grown in 250 ml
TAP medium in a 1 L Erlenmeyer flask until they reached late logarithmic phase (2-4 x
106 cells/ml). CC124 cells were spun down at room temperature by centrifugation at 4000
x g for 5 min. Cells were resuspended in about 1/25 the original volume in gamete
autolysin (Harris, 1989) and incubated for 45 min at room temperature with slight
shaking. The treated cells were spun in a centrifuge for 5 min, resuspended in TAP for
washing, centrifuged again for 5 min and the pellet was resuspended in TAP at 1/100 of
the original volume. CW15 cells were also subjected to centrifugation along with CC124
cells but the pellet was directly resuspended in TAP at 1/100 of the original volume. 300
mg of acid-washed, sterile glass beads (0.42-0.6 mm diameter, Sigma-Aldrich, St. Louis,
MO), 1µg of linearized pSM1 DNA, 300 µl of CC124 or CW15 cells, and 100 µl of 20%
sterile polyethylene glycol (PEG-8000, Sigma-Aldrich, St. Louis, MO) were mixed
together in a 1.5 ml centrifuge tube. PEG was added last since it is toxic to the cells
(Nelson and Lefebvre, 1995). The cell mixture was then vortexed for 15 seconds at top
speed on a Fisher Vortex Genie 2 mixer (Fisher Scientific, Pittsburg, PA). Cells were
plated on TAP plates containing 10 ng/µl paromomycin. The plates were incubated at
18°C under 12 h light/12 h dark cycles. Another set of transformations was carried out
with the same protocol but with 15 ml centrifuge tubes instead of 1.5 ml microcentrifuge
tubes.

CHAPTER III
RESULTS
The purpose of this study was to clone an RNA interference plasmid for reduced
expression of chlamyopsin protein in C. reinhardtii. The plasmid pSR25 contains an
RNAi construct, which was used successfully used by Fuhrmann and colleagues (2001).
However, the plasmid does not contain a C. reinhardtii marker. In order to insert a
marker into the plasmid, a cloning strategy was designed.
Cloning strategy
The plasmid pSI103 was digested with the restriction enzyme PvuII, a blunt end
cutter, to isolate the aphVIII gene, which confers resistance to the antibiotic
paromomycin. The plasmid pSR25 was first linearized with the restriction enzyme KpnI,
which cuts at a unique site just upstream of the cop RNAi construct. Since KpnI leaves 3´
overhangs but the C. reinhardtii resistance marker fragment has blunt ends, pSR25 was
blunt ended by nuclease digestion before the two fragments were ligated (Fig. 3)
Plasmid isolation and purification
Plasmid pSR25 was isolated and purified from E. coli. The total yield from 5 ml
of culture as calculated from the absorbance at 260 nm was 550 µg in 1 ml. The ratio of
absorbance at 260 nm and 280 nm was 1.8 indicating no or very low protein
contamination. Plasmid pSI103 was also isolated and purified from E. coli. The total
yield from 5 ml of culture was 220 µg in 500 µl and the ratio of absorbance at 260 nm
and 280 nm was 1.8.
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Fig. 3: Cloning Strategy. pSR25 was digested with KpnI and pSI103 with PvuII. After
isolation of the aphVIII fragment from pSI103 and digestion of the 3´ overhangs from
pSR25, the two blunt-end fragments were ligated.
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Preparation of the C. reinhardtii resistance marker from plasmid pSI103 for cloning
The aphVIII gene, which confers paromomycin resistance to C. reinhardtii, can
be excised from pSI103 with PvuII (Huang and Beck, 2003). However, the two resulting
fragments are too close in size for separation by electrophoresis (2.53 kb and 2.5 kb).
Therefore, several restriction enzymes were tested that in combination with PvuII would
cut the 2.5 kb vector fragment into smaller pieces without affecting the resistance marker.
pSI103 was digested with the four restriction enzymes PvuII, ScaI, DraI and NaeI. The
restriction digestion was performed in 7 different combinations: single digests with PvuII,
ScaI, DraI, NaeI, double digests with PvuII+ScaI, PvuII+DraI and PvuII+NaeI (Fig. 4).
The expected fragments from all digestions are listed in Table 2.
Unexpected bands were seen in the PvuII, PvuII+DraI and PvuII+NaeI digests
(Fig. 4). They could be due to star activity by PvuII. To test this possibility, pSI103 was
digested with high fidelity PvuII and compared to digestion with conventional PvuII (Fig.
5). The results from the digestion show that the number of bands particularly in the
PvuII+DraI double digest is reduced when High Fidelity PvuII is used indicating that
conventional PvuII indeed exhibits star activity under the conditions used.
After double digestion with PvuII and DraI, the 2.5 kb fragment of pSI103 was
extracted from the gel (Fig. 4) and purified for cloning. This fragment contains the C.
reinhardtii resistance marker. It was directly used in the ligation step. The yield of the
fragment was 725 ng in 60 µl. The ratio of absorbance at 260 nm and 280 nm was 1.85
indicating that the DNA was pure. In some preliminary experiments, the aphVIII
fragment extracted after double digestion with PvuII+ScaI was also used in the ligation
step.
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Table 2: The fragments expected from the restriction digestion of pSI103 with
different enzymes.

Enzymes

Expected fragments

PvuII

2 fragments of 2.53 kb and 2.5 kb length

ScaI

Linearized fragment of 5.03 kb length

DraI

3 fragments of 4.32 kb, 0.67 kb and 19 bp length

NaeI

Linearized fragment of 5.03 kb length

PvuII+ScaI

3 fragments of 2.53 kb, 1.54 kb and 0.92kb length

PvuII+DraI

4 fragments of 2.53 kb, 0.93 kb, 0.86 kb and 0.69 kb length

PvuII+NaeI

3 fragments of 2.53kb, 2.1 kb and 0.4 kb length
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Fig. 4: Electrophoresis gel of pSI103 restriction digestion analysis. 1 Kb ladder and
100bp ladder was used as size marker. The numbers on the left refer to the sizes of the 1
Kb ladder. The restriction enzymes used are indicated on top of each lane. The expected
fragment sizes are listed in Table 3.
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Fig. 5: Comparison of conventional PvuII and High Fidelity PvuII on pSI103
digestion patterns after gel electrophoresis. 1 Kb ladder was used as size marker. The
restriction enzymes used are indicated on top of each lane. The type of PvuII used is
indicated further above. Note that the number of bands is reduced after double digestion
with High Fidelity PvuII+DraI compared to conventional PvuII+DraI
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However, this approach did not yield the correct recombinant plasmid after ligation but
led to an increase in the number of colonies carrying the entire pSI103 plasmid.
Sequencing of pSR25
In order to determine the yet unknown orientation of the RNA interference
construct for chlamyopsin (cop) in pSR25 (Fig. 6) and also to sequence the ~500 bp
unknown part of the 1.7 kb cop promoter (Fuhrmann et al., 2001), sequencing was
performed. The sequencing data obtained with the T3 and T7 primers were aligned with
the known cop sequence (Fig. 7). The sequence with the T3 primer matches the first 497
nucleotides of the known promoter region of the cop gene. Therefore, the upstream part
in the T3 sequence that did not match represents the unknown promoter sequence in
pSR25. Sequences obtained with the primers pBlueII 1 and pBlueII 2 confirmed this.
These sequences also included the pBluescript-cop promoter fusion region with its KpnI
site (data not shown). Together these data show that the unknown promoter sequence is
518 bp. The sequence with the T7 primer matches exon 1 to exon 5 of the cop cDNA
(Fig. 7B). From the sequencing results, the orientation of the RNA interference construct
for chlamyopsin (cop) with respect to the pBluescript vector in pSR25 is inferred as
shown in Fig. 8.
Preparation of plasmid pSR25 for cloning
In order to clone the C. reinhardtii resistance marker into pSR25, 37 µg of the
isolated pSR25 was linearized by digestion with the restriction enzyme KpnI. After
removal of the enzyme by phenol extraction followed by ethanol precipitation, the yield
was 29.2 µg in 30 µl. The ratio of absorbance at 260 nm and 280 nm was 1.82,
indicating that the digested pSR25 was pure.
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(A)

(B)

Fig. 6: Two possible orientations of the RNAi construct for cop in pSR25. (A) The
cop promoter is oriented towards the T7 primer site and the cop cDNA towards the T3
primer site (B) The cop promoter is oriented towards the T3 primer site and the cop
cDNA towards the T7 primer site.
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(A)

Promoter

Unknown promoter sequenced

(B)

E1-E5

Fig. 7: Sequencing data for pSR25 aligned with previously published cop sequences.
(A) Sequence obtained using the T3 primer matches partly the promoter region of the
COP gene. The region prior to that represents the unknown cop promoter. (B) Sequence
obtained using the T7 primer matches exon 1 to exon 5 (E1-E5) of the COP cDNA.
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Fig. 8: Map of plasmid pSR25 with the orientation of the cop RNAi construct as
determined by sequencing using the T3, pBlueII 1, pBlueII 2 and T7 primers.
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Digestion of pSR25 with KpnI resulted in linearized pSR25 with sticky or
cohesive ends. In order to make the linearized pSR25 blunt ended, it was treated with T4
DNA polymerase to remove the 3´ overhangs. After inactivation of the enzyme by heat,
pSR25 was treated with calf intestinal alkaline phosphatase (CIP), which removes the
phosphate groups at its ends and thus prevents self ligation during the ligation step. The
linearized pSR25 was run on a 0.7 % agarose gel (Fig. 9) and extracted. The yield of the
linearized pSR25 was 9.2 µg in 90 µl. The ratio of absorbance at 260 nm and 280 nm was
1.85, indicating that the linearized pSR25 was pure. In some preliminary experiments,
mung bean nuclease instead of T4 DNA polymerase was used to remove the 3´ overhang.
However, this did not give rise to the correct construct after ligation and transformation.
Ligation and transformation of E. coli
When Quick ligase was used in the ligation reaction of linearized pSR25 and
insert, transformation did not give rise to correct constructs. This result may have been
due to low efficiency of Quick ligase. To test this possibility, λ HindIII DNA was treated
with Quick ligase and T4 DNA ligase and the resulting ligation patterns were compared
(Fig. 10). The results show that more ligated product is visible on the gel when T4 DNA
ligase is used compared to Quick ligase.
Electroporation of the ligated samples initially gave rise to arcing resulting in low
transformation efficiency. To determine whether the volume of DNA added to the 40µl
competent cells was causing arcing, electroporation was performed with various volumes
of ligation mixture. The results of the electroporation are listed in Table 3. They indicate
that under the standard conditions used volumes larger than 1µl of ligation product cause
arcing.
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To test whether reduced voltage, which should reduce arcing, would not affect
transformation efficiency, electroporation was carried out with the control plasmid
pUC18 at the three different voltage settings 1 kV, 1.8 kV and 2.25 kV. The
transformation results indicate that transformation efficiency drops considerably with
decreasing voltage (Fig. 11). The transformation efficiency at 1.8 kV and 1kV was only
58% and 5%, respectively, compared to the efficiency at the standard 2.25 kV.
Ligation of linearized pSR25 with the fragment of pSI103 containing the C.
reinhardtii resistance marker was carried out with pSR25: insert molar ratios of 1:3 and
1:5. Table 4 shows the results after transformation. Six other transformations served as
controls.
As expected, transformation without DNA (H2O, ligase in Table 4) did not yield
any colonies. Transformation with the control plasmid pUC18 gave rise to 50 colonies
despite arcing, which translates into an efficiency of 5 x 109 transformants/μg of DNA.
The transformation efficiency with pUC18 according to the supplier was supposed to be
≥3 × 10 10 transformants/µg DNA. Therefore, the transformation efficiency was only
16.6% of what was expected due to the arcing. Transformation with the linearized
pSR25, with or without ligase (line 3, 4 in Table 4) did not yield any colonies indicating
that calf intestinal alkaline phosphatase functioned as expected. Transformation with the
insert and without ligase (line 5 in Table 4) gave rise to 20 colonies indicating the
presence of undigested pSI103. However, no colonies were seen when transformed with
insert and ligase (line 6 in Table 4). Transformation with the linearized pSR25 and the
insert with ligase in molar ratios of 1:3 and 1:5 (line 7, 8 in Table 4) yielded colonies.
The number of colonies for both ratios (50 and 150) is greater than the number of
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colonies obtained with insert only and without ligase (20). It suggests that at least some
of the transformants with insert and linearized pSR25 contain the expected plasmid.
Screen for recombinant plasmid pSM1 by restriction digestion
Twelve clones were picked from the test plates pSR25: insert (1:3) and pSR25:
insert (1:5). Isolated plasmid from the 12 clones was digested with ScaI (Fig. 12). Four
out of the 12 clones showed the expected fragments of 5.88 kb and 2.76 kb. All of these
four clones also showed a larger fragment of about 8.6 kb, which could represent
linearized plasmid due to incomplete digestion.
The 4 clones (#1, 8, 9 and 12) were further analyzed with the restriction enzymes
DraI and NaeI (Fig 13). The expected fragments from the digestion with the enzymes
ScaI, DraI and NaeI are listed in Table 5. All 4 clones show the same restriction pattern
with all three restriction enzymes: The expected 4.62 kb, 3.3 kb and 692 bp fragments
with DraI (the expected 19 bp fragment would not be visible on the gel), the expected 5.5
kb, 1.84 kb and 1.26 kb fragments with NaeI, and the expected 5.88 kb and 2.75 kb
fragments with ScaI. As previously found, the ScaI digest resulted in an additional band
of about 8.6 kb. Since this band is much lighter compared to the other bands, it indicates
that the band does not represent a stoichiometric fragment but rather a band due to
incomplete digestion. This is the more likely since no other bands in addition to the
expected are found in the DraI and NaeI digests.
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Fig. 9: Electrophoresis of linearized pSR25 on a 0.7% agarose gel. pSR25 was
digested with KpnI and treated with T4 DNA polymerase and calf intestinal alkaline
phosphatase prior to electrophoresis. 1 Kb ladder: size marker, UC: uncut pSR25, C:
linearized pSR25.
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Fig. 10: Comparison of ligation pattern of T4 DNA ligase and Quick ligase on
λ HindIII DNA after gel electrophoresis. A 1 Kb ladder was used as a size marker. The
ligase used is indicated on top of each lane. Note that ligated product in the form of
higher molecular weight bands is more visible with T4 DNA liagse compared to Quick
ligase.
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Table 3: Influence of ligation mix volume on electroporation. Increasing volumes
result in arcing and decreasing time constants.

Amount of ligation mix

Arcing

Time constant (t)

1 µl

NO

4.42

2 µl

YES

3.2

4 µl

YES

2.5

used in electroporation
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Fig. 11: Bacterial transformation efficiency at different voltages during
electroporation. An equal amount of the control plasmid pUC18 was used in all
transformations. Transformation efficiency at 2.25 kV was set at 100%. The numbers on
top of the bars represent the transformation efficiency in cfu/µg DNA.
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Table 4: Transformation of E. coli with linearized pSR25 ligated to the C. reinhardtii
marker insert at two different concentrations. Six other transformations served as
controls.

Ligation samples

Arcing

Time constant

Colonies

1.

H2O, Ligase (-ve control)

No

4.5

0

2.

pUC18 (+ control)

Yes

2.76

50

3.

Linearized pSR25, No ligase

Yes

2.88

0

No

4.5

0

(-ve control)
4.

Linearized pSR25, T4 DNA Ligase
(-ve control)

5.

Insert, No ligase (-ve control)

No

4.4

20

6.

Insert, T4 DNA ligase (-ve control)

No

4.38

0

7.

Linearized pSR25 and Insert (1:3),

No

4.6

50

No

4.5

120

T4 DNA ligase
8.

Linearized pSR25 and Insert (1:5),
T4 DNA ligase
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Fig. 12: Restriction digestion analysis of 12 potential recombinant plasmids pSM1
with ScaI. A 1 Kb ladder was used as size marker. The numbers on the left refer to the
band sizes of the 1 Kb ladder. UC designates uncut. The expected fragment sizes are 5.86
kb and 2.76 kb. Note that plasmids 1, 8, 9, and 12 show the expected fragment sizes. The
additional larger fragment is most likely due to incomplete digestion.
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Table 5: The fragments expected from restriction digestion of recombinant plasmid
pSM1 with different enzymes.

Restriction enzyme

Expected fragments

ScaI

5.88 Kb and 2.76 Kb

DraI

4.63 Kb, 3.3 Kb, 692 bp and 19 bp

NaeI

5.5 kb, 1.84 kb and 1.26 kb
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Fig. 13: Electrophoresis gel for restriction digestion analysis of the four potential
recombinant plasmids pSM1 #1, 8, 9 and 12. A 1 Kb ladder was used as size marker.
The numbers on the left refer to the band sizes of the 1 Kb ladder. The restriction
enzymes used are indicated on top of each lane and UC refers to uncut. The expected
fragment sizes are indicated for plasmid #1 and listed in Table 5.
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Confirmation of recombinant plasmid pSM1 by sequencing
Further confirmation that the plasmids represent true pSM1 was obtained by
sequencing. Sequencing was performed using clone # 1 with primers pBlueII l, pBlueII 2,
1 aphVIII-cop, 2 aphVIII-cop, 3 aphVIII-cop and M3 (Fig. 15) in order to verify the
fusion regions. The sequencing results are shown in Fig. 14 for the primers PBlueII 1, 1
aphVIII-cop and M3. The other primers gave identical results. The pBluescript-aphVIII
fusion region in pSM1 is missing three base pairs compared to what was expected (Fig.
14A). The aphVIII-cop promoter fusion is missing a single nucleotide (Fig. 14B).
Interestingly, sequencing shows that clone # 1 and clone # 12 (data not shown) contain
the aphVIII fragment in the same orientation. The exact same orientation was also found
for 5 clones obtained from a second ligation and transformation experiment (data not
shown). From the sequencing results, a plasmid map of pSM1 can be predicted as in Fig.
15.
Preparation of pSM1 for transformation into C. reinhardtii
Plasmid pSM1 and the control plasmid pSI103 were linearized with EcoR1
restriction enzyme before transformation. The unique EcoR1 site in pSM1 is located in a
residual pBluescript region of the aphVIII fragment (Fig. 15). A diagnostic gel showed
that the digest resulted in the expected single fragment of 8.64 Kb and 5 Kb, respectively
(Fig. 16).
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A

B

Fig. 14: Sequencing data for the fusion regions of pSM1 clone # 1 aligned with
expected pSM1. (A) pBluescript-aphVIII gene fusion as obtained with primer pBlue II1.
(B) aphVIII gene-cop promoter fusion as obtained with primers 1 aphVIII-cop and M3.
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Fig. 15: Map of plasmid pSM1 with the orientation of the aphVIII fragment as
determined by sequencing using the pBlueII 1, pBlueII 2, 1 aphVIII-cop, 2 aphVIIIcop, 3 aphVIII-cop and M3 primers.

44

Fig. 16: Electrophoresis gel of pSI103 and pSM1 after linearization with EcoR1. 1
Kb ladder: size marker, UC: uncut, the restriction enzyme used is indicated on top of the
respective lane.
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Effectiveness of antibiotic concentration for C. reinhardtii transformation
Both C. reinhardtii strains, the wild-type strain CC124 and the cell wall deficient
strain CW15 were tested for their susceptibility to the antibiotic paromomycin. Colonies
were seen on the TAP agar plates without paromomycin. However, colonies were not
seen with any of the three concentrations of paromomycin (5 ng/µl, 10 ng/µl and 20
ng/µl). As a positive control, three strains with the paromomycin resistance marker in
their genomes (phototropin RNAi 20, RNAi 22, and RNAi 30) were also tested. Colonies
were seen for all three strains at all three concentrations of paromomycin. The number of
colonies gradually decreased with increasing concentration of the antibiotic for all these
three strains. Colony count is shown in Table 6. The concentration chosen for the
transformation experiment was 10 ng/µl, which is also the concentration used in a
previously published procedure (Huang and Beck, 2003).
Transformation of C. reinhardtii with the recombinant plasmid pSM1
Transformation of C. reinhardtii strain CC124 with pSM1 was performed. The
cell wall-deficient strain CW15 served as control, since it can be transformed without
prior treatment with the cell wall degrading enzyme autolysin. Plasmid pSI103 served as
control plasmid, because it has been shown to confer resistance to the antibiotic
paromomycin after transformation (Sizova et al., 2001). The results of all the
transformations are listed in Table 6.
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Table 6: Efficacy of antibiotic concentration for C. reinhardtii transformation. Each
plate was inoculated with 5000 cells and the number of colonies counted after 10 days.
Each colony count represents the results from a single plate. The three phototropin RNAi
strains harbor the paromomycin resistance gene aphVIII in their genomes and were
therefore included as positive controls. ND: not determined.

Paromomycin CC124 CW15

Phototropin

Phototropin

Pototropin

concentration

RNAi 20

RNAi 22

RNAi 30

0 ng/µl

485

650

ND

ND

ND

5 ng/µl

0

0

1153

530

584

10 ng/µl

0

0

983

510

472

20 ng/µl

0

0

835

483

83
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As expected, CC124 and CW15 transformation without DNA and growing the
cells on paromomycin antibiotic plates (negative control in Table 7) did not yield any
colonies. Also as expected, a lawn of colonies was seen when transformation was carried
out without DNA and no paromomycin antibiotic in the plates (positive control in Table
7). However, there were no colonies observed in any of the other transformations (Table
7). There were no colonies when CC124 was transformed with pSM1 and then grown on
paromomycin-containing plates. There were even no colonies when the cell walldeficient strain CW15 was transformed with the control plasmid pSI103.
The experiment was repeated using a 15 ml centrifuge tube instead of a 1.5 ml
microcentrifuge tube for the vortexing step. Identical results were obtained with this
revised protocol.
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Table 7: Transformation of C. reinhardtii strain CC124 with pSM1. Cell walldeficient strain CW15 served as control, since it can be transformed without prior
treatment with the cell wall degrading enzyme autolysin. Plasmid pSI103 served as
control plasmid, because it has been shown to confer resistance to the antibiotic
paromomycin after transformation (Sizova et al., 2001).

Conditions
pSM1, antibiotic

CC124 colonies

CW15 colonies

0

0

0

0

0

0

Lawn

Lawn

plate
pSI103, antibiotic
plate (control
plasmid)
No DNA, antibiotic
plate (negative
control)
No DNA, No
antibiotic plate
(positive control)

CHAPTER IV
DISCUSSION
The goal of this project was to clone a plasmid for reduced expression of
chlamyopsin protein in C. reinhardtii. For reduced expression, the RNA interference
(RNAi) method was chosen. The RNAi mechanism has already been shown to be an
efficient gene silencing method in C. reinhardtii (Rohr et al., 2004). An RNAi construct
for chlamyopsin was successfully created, which uses the combination of a genomic gene
fragment in tandem with its cDNA counterpart in reverse orientation (Fuhrmann et al.,
2001). However, the construct, which was named pSR25, was lacking a C. reinhardtii
marker. Successful cloning of the paromomycin antibiotic resistance marker aphVIII into
plasmid pSR25 was successfully achieved in this project after many hurdles and
troubleshooting steps.
Initially, the PvuII restriction enzyme was used to cut plasmid pSI103, because
the restriction sites are outside the aphVIII gene region. pSI103 digestion with PvuII to
extract the aphVIII gene resulted in two fragments of 2.5 kb and 2.53 kb, which were
difficult to separate. As an alternative, double digestion of pSI1103 was performed with
PvuII+ScaI to extract the aphVIII gene, but this approach consistently resulted in an
incomplete digest (Fig. 4). Consistent with this, the extracted fragment resulted in false
positives after cloning, i.e. colonies formed containing the plasmid pSI103. To avoid this
problem, two more enzymes (DraI and NaeI) were used in combination with PvuII, but
resulted in more bands than expected, suggesting the possibility of star activity. When the
digestions of pSI103 with conventional PvuII and High Fidelity PvuII were compared, it
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was clear that in the PvuII+DraI double digest, star activity could be reduced with High
Fidelity PvuII (Fig. 5).
pSR25 was linearized with KpnI, since there is a unique KpnI site in the plasmid
that is not located within the RNAi gene. The 3´ overhangs resulting from the KpnI digest
of pSR25 were trimmed initially with mungbean nuclease in an attempt to degrade the 3´
overhangs to make the DNA blunt-ended. However, after transformation into E. coli, the
resulting clones contained only pSR25 without insert due to self-ligation of the linearized
pSR25. Since mungbean nuclease greatly prefers to remove nucleotides from the single
stranded 5´ end rather than the 3´ end (Ghangas and Wu, 1975), it probably failed to
create the necessary blunt ends. As an alternative, T4 DNA polymerase was used, which
can catalyze the synthesis of DNA in the 5´→ 3´ direction with its polymerase activity
and also has a 3´→ 5´ exonuclease activity. T4 DNA polymerase is expected to trim
linearized pSR25 from the single stranded 3´ end in the 3´→ 5´ direction beyond the
overhang and then start synthesizing DNA in the 5´→ 3´ direction making linearized
pSR25 blunt-ended (Fig. 17).
In some preliminary experiments, ligation performed with Quick ligase did not
result in the expected clones. Therefore, λ HindIII DNA was treated with Quick ligase and
T4 DNA ligase for comparison. Interestingly, more ligation product was observed on the
gel when T4 DNA ligase was used compared to Quick ligase (Fig. 10). Therefore, T4
DNA ligase was used in all later experiments.
To transform the ligated plasmid into E. coli, the electroporation method was
chosen because it is reported to be the most efficient and reliable method for the
transformation of E. coli strains using plasmid DNA (Nicola and Andrew, 2003).
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Fig. 17: Effect of T4 DNA polymerase on KpnI digested fragments. Nucleotides in
bold indicate the KpnI restriction site before (left) and after (right) restriction digestion.
The red arrows indicate the degradation of the 3´ overhangs by the 3´→ 5´ exonuclease
activity of T4 DNA polymerase, which continues into the double-stranded region. The
blue arrows indicate the subsequent synthesis of DNA by the 5´→ 3´ polymerase activity
of the enzyme, which results in blunt ends.

52
The transformation efficiency is approximately 109 electro-transformants per microgram
of DNA. Electric shock creates transient holes in the cell membrane of bacteria and
allows DNA to enter. After the electric shock the holes are rapidly closed by the cell’s
membrane-repair mechanism.
The main factors for a successful transformation by electroporation are the
voltage, DNA concentration, and salt concentration. Solutions with high salt might cause
an electrical discharge known as arcing, which often reduces the viability of the bacteria.
The time constant (t) is also an essential parameter, because it precisely describes each
pulse delivered to the sample. The optimal time constant for bacterial cultures is from 4
msec to 5 msec. With a low time constant, e.g. 2.0 msec, the discharge happens too
quickly and the bacteria are killed instead of being porated. This can occur because of
residual salt from the DNA solution or from the washing steps when making the bacterial
competent cells. Resin cleanup was performed twice to reduce the residual salt from the
DNA in the electroporation. When electroporation with 4 µl DNA from the ligation mix
was performed, arcing was observed. By reducing the volume of DNA in the
electropopration from 4 µl to 1 µl, the salt concentration from the DNA and thereby
arcing was greatly reduced (Table 3). Voltage also seemed to be an important factor
because electroporation performed at voltage settings 1 kV, 1.8 kV and 2.25 kV with the
same amount of DNA resulted in increasing transformation efficiency (Fig. 11).
Correct primer design software should be used for sequencing, because the
primers may bind to more than one site on the DNA leading to unexpected outcomes.
Sequencing results showed that the two fusion regions pBluescript-aphVIII and aphVIIIcop promoter in the recombinant plasmid pSM1 were missing three nucleotides and one
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nucleotide, respectively (Fig. 14), from the expected pBluescript and cop promoter ends.
A possible explanation for this outcome is due to the action of T4 DNA polymerase.
When T4 DNA polymerase trims nucleotides from the single stranded 3´ end in the 3´→
5´ direction (Fig. 17), it cannot be predicted how far it trims beyond the overhang and
how far it synthesizes DNA in the 5´→ 3´ direction to make the DNA blunt-ended. Yet if
it does not synthesize till the 5´ end on the template, the ends should not be blunt and
therefore ligation with the insert should not be possible. However, since the fusion
regions are not directly located in the cop RNAi or aphVIII gene, the missing nucleotides
should not interfere with the expression of either gene in C. reinhardtii.
When CC124 cells were plated on the TAP agar plates with paromomoycin at 3
different concentrations (5 ng/µl, 10 ng/µl and 20 ng/µl), colonies were not seen on any
of the plates indicating that the CC124 cells were sensitive even at the 5 ng/µl
concentration of paromomycin. The same results were obtained with the CW15 strain,
whereas the control strains containing the gene for the antibiotic resistance formed
colonies with all three paromomycin concentrations, although the number of colonies
gradually decreased with increasing concentration of antibiotic (Table 6). In general, the
results indicate that even 5 ng/µl concentration is enough for the selection of
transformants.
There are several different methods for introducing exogenous genes into C.
reinhardtii. These methods include bombardment with DNA- coated microparticles
(Kindle et al., 1989), electroporation (Brown et al., 1991; Shimogawara et al., 1998) or
vortexing cells in the presence of glass beads and polyethylene glycol (Kindle, 1990).
The glass bead method has several advantages over the other methods for introducing
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DNA into the nuclear genome of C. reinhardtii. It is simple, inexpensive and does not
require access to specialized equipment. This method was chosen for the above reasons
and also because the transformation efficiency is reported to be approximately 103
transformants per µg of DNA (Kindle, 1990). This method will also result in a
substantially lower number of integrated gene copies than particle bombardment (Kindle,
1990) and electroporation (Shimogawara et al., 1998). With this method the DNA enters
the cell wall-deficient C. reinhardtii cells through transient holes created in the
membrane resulting from the abrasive action of the glass beads in combination with the
polyethylene glycol. To apply this method to a strain with wild-type cell wall, purified
gamete autolysin (Kindle, 1990) must be used to remove the cell wall. In this study,
CC124 strains were treated with autolysin to remove the cell wall before transformation
with glass beads.
There are some important factors that influence the success of a transformation
using the glass bead method. CC124 cells begin to regenerate the cell wall after the
removal of autolysin, so the cells should be used as soon as possible. The amount of PEG
added must strictly be followed according to the protocol, since higher concentrations of
PEG are toxic to the cells (Nelson and Lefebvre, 1995). The DNA used in the
transformation should be in linearized form since linearized DNA generally transforms
somewhat more efficiently than supercoiled. pSM1 was linearized before transformation
into C. reinhardtii for the above reason. The mixture containing the DNA, PEG and the
cells should be vortexed for not more than 15 seconds. Prolonged vortexing generally
results in no transformants.
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The transformation of linearized pSM1 into C. reinhardtii strain CC124 using
glass beads did not yield any colonies. Interestingly, no colonies were seen even in the
control plate, where pSI103 containing the paromomycin resistance marker was
transformed into the cell wall-less strain CW15. Since the pSI103 control did not work
when 1.5 ml centrifuge tubes or when 15 ml falcon tubes were used, it indicates that the
action of the glass beads in combination with polyethylene glycol was not abrasive
enough to allow the DNA to enter the cells. An alternative explanation is that the cells
were not given enough time to express the antibiotic resistance gene before they were
plated. In summary, the glass bead transformation protocol for C. reinhardtii using the
antibiotic resistance marker aphVIII has to be further optimized.
Future studies will need to optimize the C. reinhardtii transformation method.
Successful transformants can then be screened for reduced COP amounts using western
blotting. In addition, testing of transformants with reduced COP amounts for defects in
resetting the clock after light pulses has to be performed in order to determine whether
chlamyrhodopsin is involved in the circadian input pathway or not.
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